Abstract In this chapter we describe the remote sensing measurement of nitrogenbearing species in Titan's atmosphere by the Composite Infrared Spectrometer (CIRS) on the Cassini spacecraft. This instrument, which detects the thermal infrared spectrum from 10-1500 cm −1 (1000-7 µm) is sensitive to vibrational emissions of gases and condensates in Titan's stratosphere and lower mesosphere, permitting the measurement of ambient temperature and the abundances of gases and particulates. Three N-bearing species are firmly detected: HCN, HC 3 N and C 2 N 2 , and their vertical and latitudinal distributions have been mapped. In addition, ices of HC 3 N and possibly C 4 N 2 are also seen in the far-infrared spectrum at high latitudes during the northern winter. The HC 15 N isotopologue has been measured, permitting the inference of the 14 N/ 15 N in this species, which differs markedly (lower) than in the bulk nitrogen reservoir (N 2 ). We also describe the search in the CIRS spectrum, and inferred upper limits, for NH 3 and CH 3 CN. CIRS is now observing seasonal transition on Titan and the gas abundance distributions are changing accordingly, acting as tracers of the changing atmospheric circulation. The prospects for further CIRS science in the remaining five years of the Cassini mission are discussed.
Introduction
The two principal gaseous components of Titan's atmosphere are molecular nitrogen N 2 (98.5% in the stratosphere) and methane CH 4 (1.4% in stratosphere) [1] . From just these two molecules and three elements a wealth of organic chemistry develops, 1 resulting in a plethora of hydrocarbons and nitriles. The true chemical complexity of Titan's atmosphere was first revealed in 1980 with the Voyager encounter at Titan, during which a number of new molecular species were first detected through infrared spectroscopy by the IRIS (Infrared Interferometer Spectrometer) instrument: HCN, C 2 H 4 and C 2 H 6 [2] ; HC 3 N, C 2 N 2 and C 4 H 2 [3] ; and the C 3 molecules C 3 H 4 and C 3 H 8 [4] . Further stratospheric species were found later: CO 2 , CO, CH 3 CN, C 6 H 6 and H 2 O [5] .
More recently, the NASA Cassini spacecraft entered Saturn orbit in July 2004, and has since made more than 80 close flybys of Titan at the time of writing. Equipped with an Ion and Neutral Mass Spectrometer (INMS) [6] , Cassini has directly sampled the upper atmosphere of Titan, finding further chemical diversity, including ammonia (NH 3 ), amines (-NH 2 ) and imines (-NH), and heavier hydrocarbons such as toluene (C 7 H 8 ) [7] . In the stratosphere, Cassini's infrared spectrometer CIRS (Composite Infrared Spectrometer) [8] has mapped the vertical, lateral and temporal variations of the stratospheric nitriles, which constitutes Sect. 2 of this chapter. Later sections cover related topics: nitrile condensates and ices in Sect. 3, the isotopic ratio 14 N/ 15 N as measured in HCN in Sect. 4.1, and the search for molecules as yet undetected in the stratosphere in Sect. 4 
.2.
We begin this chapter by briefly reviewing chemical processes from the break-up of N 2 to the formation of H x C y N z species, and also the CIRS instrument that is the source of the scientific information presented here.
Nitrogen chemistry
In Titan's upper atmosphere, nitrogen chemistry begins when molecular nitrogen is dissociated/ionized by solar UV radiation 2 :
In addition, high-energy Galactic Cosmic Rays (GCRs, mainly protons and alpha particles) reach the lower atmosphere, where a second dissociation region occurs peaking near 100 km. To form nitriles or amines/imines, carbon and hydrogen are required, which are supplied by the solar photodissociation of methane: 
Nitriles arise when CH 3 reacts with N, either by:
N + CH 3 → HCN + H 2 (10) or N + CH 3 → H 2 CN + H
H 2 CN + H → HCN + H 2 (12) which has the same net effect as reaction (10) but an overall faster rate. HCN may be photolyzed to H + CN, and the CN radical will then either (a) catalytically destroy unsaturated hydrocarbons and H 2 by H-abstraction, or (b) form heavier nitrile species by substitution of CN for H, e.g. C 2 H 4 becomes C 2 H 3 CN (acrylonitrile or vinyl cyanide). The production of amines and imines begins when dissociated nitrogen atoms interact with methane:
The self-reaction of two imidogen radicals then leads to the amino radical, or alternatively atomic nitrogen plus molecular hydrogen leads to the same result:
Finally, ammonia is produced from the amino radical plus atomic hydrogen:
Other pathways are possible to these products: we have summarized only the (believed to be) principal pathways here. For a fuller description see [9] . In the following sections of this chapter, we will describe how the concentrations of various nitrile species have been measured by CIRS in the middle atmosphere, and on the search for ammonia in the stratosphere.
The Composite Infrared Spectrometer (CIRS)
Cassini CIRS is a dual interferometer, comprised of separate far-infrared and midinfrared spectrometers sharing a common telescope, foreoptics, reference laser, scan mechanism and other sub-systems to save mass and size. The telescope is a Cassegrain type, with 508 mm beryllium primary and 76 mm secondary mirrors. The incident beam is field-split and sent to either the far-IR or mid-IR interferometer. The far-IR interferometer is a Martin-Puplett (polarizing) type, using wiregrid polarizers to amplitude split radiation between 10-600 cm −1 (1000-17 µm) in wavenumber (wavelength). The time-varying interferogram signal produced by the scanning of one retroreflector is afterwards detected by a thermopile (bolometer) detector known as FP1 (Focal Plane 1), which is 1 mm in size and has apparent field-of-view projected on the sky plane of 2.5 mrad FWHM (full-width to halfmaximum of Gaussian response).
The mid-IR interferometer is a standard Michelson type covering the spectral range 600-1400 cm −1 (17-7 µm) , and the signal is detected by one of two arrays. CIRS FP3 (Focal Plane 3) consists of a 1 × 10 array of photoconductive (PC) detectors sensitive from 600-1100 cm −1 (17-9 µm), while FP4 (Focal Plane 4) is a similar 1 ×10 array of photovoltaic detectors sensitive from 1100-1400 cm −1 (9-7 µm). Pixels of both arrays have square-shaped projected fields-of-view 0.273 mrad in width. By varying the travel distance (or scan time) of the mirror carriage, spectral resolutions varying from 0.5-15.5 cm −1 are possible, after application of Hamming apodization to reduce the ripples/ringing caused by the finite Fourier Transform.
The FP1 detector is held at 170 K, identical to the rest of the instrument optics and mechanical assembly, while FP3/FP4 are cooled to an operating temperature of ∼75 K via a 30-cm radiator pointed at cold space. For calibration therefore, the FP1 detector needs only one temperature reference target (space at 2.73 K), while FP3/FP4 require both reference scans of deep space and also an internal warm shutter at ∼170 K. A more detailed overview of the instrument can be found in the literature [8, 10] , while more detailed descriptions of the FP1 far-IR interferometer and the FP3/FP4 mid-IR interferometer have been separately published [11, 12] .
As Cassini approaches Titan, CIRS performs different science observations depending on distance, based on the differing capabilities of the mid-IR and far-IR spectrometers. At large distances (380,000-260,000 km, 19-13 hrs from closest approach), the mid-IR arrays are typically used in nadir-scanning mode, where the arrays are 'combed' across Titan's visible disk. Closer in (260,000-180,000 km, 13-9 hrs), the FP1 detector is placed on the disk and long-integrations are made at the fixed location, to build up high S/N at the highest spectral resolution (0.5 cm −1 ) to search for/measure weak species in the far-IR. At medium distances (180,000-100,000 km, 9-5 hrs), the mid-IR detectors acquire sufficient spatial resolution to resolve the limb of Titan's atmosphere (defined by the atmospheric scale height, about 50 km), and are used for limb mapping or integrating. Less than 5 hours (100,00 km) from Titan, the far-IR channel again takes precedence, used first in nadir mapping mode (100,000-45,000 km, 5:00-2:15 hrs) and finally in limb mode (45,000-5,000 km, 2:15-0:15 hrs), when the spatial resolution becomes sufficient to resolve the limb using the large FP1 detector. Further details of the Titan science strategy can be found in existing publications [8, 13, 14] .
Nitrile species in the stratosphere
The three major nitrile species in Titan's atmosphere are HCN, HC 3 N, and C 2 N 2 , and all are spectroscopically detected and measured by CIRS -see Fig. 1 . Through modeling these emissions, and assuming the atmospheric temperature is independently known, the abundances can be measured. In this section we discuss the inferred global distribution of these nitriles and consider what this tells us about nitrogen-species chemistry on Titan. [19] . Agreement between studies is good and shows a steep gradient for HCN and a very steep gradient for HC 3 N. 
Vertical profiles at low latitudes
Nitrile species are produced by photochemical reactions in Titan's upper atmosphere at altitudes above 500 km (Sect. 1.1). This is above the region that is observable with Cassini CIRS. However, these species are transported into the lower mesosphere and stratosphere by vertical mixing processes, which allow them to be observed. At altitudes of approximately 100-150 km in the lower stratosphere, temperatures become cold enough to allow condensation and rain-out of nitrile species. This sourcesink arrangement sets up positive vertical concentration gradients where the relative abundance increases with altitude.Photochemical models predict that vertical gradients are steeper for species with shorter photochemical lifetimes (e.g. HC 3 N) as they have less time to mix into lower atmospheric levels before being destroyed by photolysis.
Shortly after Cassini's arrival at the Saturnian system in July 2004, CIRS limb sounding observations from the early flybys gave the first detailed vertical profiles of nitriles in Titan's atmosphere [16, 17] (Fig. 2) . The CIRS results confirm earlier ground based sub-millimeter work [18, 19, 20] based on high-resolution measurements of the lineshape of nitrile rotational lines. Both HCN and HC 3 N were observed to have steep vertical gradients -in broad agreement with photochemical models. Titan's equatorial abundances had the best agreement with the Earth-based results because of the sampling bias towards low latitudes in disk-averaged groundbased spectra. Equatorial latitudes also bear the most resemblance to photochemical model predictions, as the equator is closest to equilibrium conditions in terms of minimal atmospheric motion and ambient solar flux. The abundance of C 2 N 2 at the equator was measured to be 0.055 ppb at 125 km [21] . Comparisons with photochemical models [22] suggests an abundance this high is most consistent with N 2 dissociation by cosmic rays in the lower stratosphere.
Interestingly, early results showed that the gradient for HCN was steeper than predicted by current photochemical models. This suggests an additional sink for nitriles in lower atmosphere, effectively reducing their atmospheric lifetimes compared to photochemical model predictions.
Global variations of abundances
The early CIRS results suggest that Titan's nitriles are more complex than previously thought. Further insight into the chemical processes can be obtained by considering the distribution of nitriles across Titan's globe -a feat now possible because of the spatial sampling ability of CIRS.
At the start of the mission in 2004 Titan was experiencing early northern winter. The resulting differential heating between southern and northern hemispheres gives rise to large convection cells -analogous to the Hadley cells on Earth -which causes upwelling in the south and subsidence in the north. These vertical atmospheric motions have the ability to modify the equilibrium photochemical profiles [23, 24] . Where subsidence is occurring, the entire vertical profile is advected downwards. As a consequence of the positive vertical gradient, this leads to an increased abundances at each altitude. Conversely, upwelling causes a decrease in abundance at each altitude. This phenomenon helps us in two ways:
1. By observing the increase and decrease in abundances across Titan's globe, we are able to map out vertical circulation patterns. 2. By looking at variations in subsidence-induced enrichment between different gases we can learn about the relative vertical gradients -as steeper vertical gradients will result in greater enrichment. This in turn informs us about the relative lifetimes of the different species.
The best way to map the global distribution of the different gases is by using nadir (downward looking) observation sequences. CIRS medium spectral resolution mapping scans are particularly useful for this as they observe an entire hemisphere at once and are taken on nearly every flyby. High spectral-resolution north-south swaths, although less numerous, are also extremely useful as they provide better signal-to-noise and spectral discrimination between different gases. Nadir datasets were used early in the mission [25, 26, 27 ] to map out the global distribution of many of Titan's trace species -including the nitriles. The early studies have subsequently been expanded [24, 28, 29, 21, 30, 31, 32, 33] and the northern winter distribution of most trace species is now well understood. Fig 3 shows the distribution of HCN and HC 3 N from a typical northern winter flyby.
A large enrichment of most trace species -including nitriles -is observed at the north pole compared to the rest of the planet -indicating a large single south-tonorth circulation cell with subsidence in the north, consistent with the winter season. Detailed studies of the north pole have shown there to be a strong circumpolar vortex [25, 29, 34] . The vortex is produced by a combination of poleward transport of air by the atmospheric circulation cells and conservation of angular momentum, which causes a spin up of stratospheric and mesospheric air masses. Vortex wind speeds Fig. 3 Maps of HCN and HC 3 N derived for the northern and southern hemispheres. HC 3 N is greatly enriched at high northern latitudes, but decreases sharply south of 60 • N and is present at very low levels elsewhere. HCN is also enriched in the north, but has a more gradual variation from south to north. These observations suggest subsidence at the north pole and are consistent with the presence of a polar vortex. Redrawn from [28] . were determined using the thermal wind equation, which implied wind speeds of nearly 200 m/s in the stratosphere at around • N. Across the vortex boundary at 60 • N, there is a strong potential vorticity gradient, which indicates that a significant mixing barrier exists separating polar and non-polar air masses. Enhanced infrared emission from large abundances of trace gases such as HCN then act as an effective cooling mechanism, which further reinforces the general circulation. The chemistry and dynamics in this region are thus intimately linked. Fig. 3 shows that north-polar HC 3 N enrichment is much greater than that of HCN. This is consistent with the much shorter photochemical lifetime of HC 3 N (0.8 years) compared to HCN (44 years) [22] . HC 3 N is also confined much more closely to the north polar region than HCN. This confinement is due to the mixing barrier caused by the north polar vortex, which effectively prevents cross latitude mixing and confines species within the vortex core. Other short lifetime gases (e.g. C 4 H 2 ) are also observed to be largely confined to the vortex core. HCN has a more complex behaviour, i.e. a gradual south-to-north gradient. This is largely explicable by a combination of HCN's long photochemical lifetime and steep vertical gradient. The steep gradient means it is sensitive to vertical motion -including upwelling in the southern summer hemisphere -whereas its long lifetime means it has time to escape the vortex mixing barrier and be transported to lower latitudes.
The high enrichment of many trace species within the polar vortex provides the possibility of unique chemistry, as in Earth's antarctic vortex, however this has so far been difficult to observe with CIRS due to the (assumed) complexity of any chemical products and cold temperatures. However, it is possible to use observed polar enrichments to probe the relative lifetimes of many species. If the only processes occurring are known photochemical reactions and vertical atmospheric motion, then the observed north polar enrichment should be proportional to the predicted vertical gradient, i.e. inversely proportional to the predicted species lifetime. Fig. 4 shows there is indeed such a relation, but surprisingly the nitrile trend appears separate to that for hydrocarbons. This suggests that there is some additional sink mechanism causing the vertical gradient of nitriles to be steeper than expected Fig. 4 Observed polar enrichment as a function of predicted photochemical lifetime from [22] . Shorter lifetime species are typically more enriched, although nitriles appear to be anomalously enriched compared to hydrocarbons. This suggests an additional loss mechanism for nitrile species. Redrawn from [31] . from photochemical models. The cause of this is currently unknown, but could include incorporation of nitriles into photochemical hazes or polymerisation [31] .
Nitrile profiles in the northern winter polar vortex
Specific to the north polar regions are large amplitude composition layers in most trace gases, especially in the nitriles (Fig. 5 ). These layers are somewhat puzzling and could be linked to discrete haze layers observed by Cassini's Imaging Science Sub-System [35] . Suggested causes of these layers include: chemical sinks, gravity waves, incorporation into haze layers, or dynamics. The most plausible of these is a possible dynamical origin. [36] proposed that the layering was caused by cross vortex mixing, which allows polar and non-polar air masses to mix. A similar process occurs for ozone at the boundary of Earth's polar vortices [37] . In this scenario the high wind shear in the vortex causes instabilities and trace-gas poor air is transported across the vortex boundary. Conversely, displaced trace-gas rich air escapes the vortex and is mixed to non-polar atmosphere latitudes. Because the stratosphere is stably stratified, the resulting layers can be fairly long lived and persist long enough to be observed by CIRS limb observations. If this mechanism is correct then we would expect gases with the most polar enrichment to have the largest amplitude layers, and all the gas layers for the same observation to have similar altitudes, which both appear to be the case (Fig. 5) . This would not be the case if a chemical sink were responsible, unless it acted on all gases similarly, which seems unlikely. Also, a gravity wave origin does not seem to provide large enough amplitude to explain up to 50-fold layer amplitudes for HC 3 N. However, it is thought that gravity waves play a role in eroding the vortex wall and contributing to the cross latitude mixing [29] . It can be seen that nitrile chemistry and atmospheric dynamics appear to be inextricably intertwined on Titan. Further insight will be possible as the Cassini mission progresses. 
Nitrile condensables in Titan's stratosphere
In this section, we discuss the detection of nitrile ices observed in Titan's stratosphere by CIRS. Given that CIRS is the successor to the IRIS instrument onboard Voyager, we will provide a brief overview of the ices observed by IRIS, which motivated the continued search for stratospheric ices with CIRS, nearly one Saturn year (∼ 30 terrestrial years) later.
Nitrile ice cloud characteristics in the thermal infrared
There are two distinct types of cloud systems in Titan's atmosphere. The first is condensed CH 4 , typically found in Titan's troposphere and similar to water clouds in Earth's troposphere. The second type of ice cloud arrises in Titan's much more dynamically stable stratosphere and is composed of condensed nitriles and/or hydrocarbons. The latter type are the clouds that CIRS detects in Titan's stratosphere.
The fate of most organic vapors in Titan's lower stratosphere is condensation, forming sharply layered upper boundaries near the altitude location where condensation is expected. Figure 6 , originally published in [38] , illustrates the altitude locations that are expected for such ice clouds, when the temperature structure is at 15 • S during mid northern winter on Titan (circa 2006).
Whereas the IRIS low wavenumber cut-off occurred at 200 cm −1 , CIRS extends further to 10 cm −1 , covering a significant portion of the sub-millimeter spectrum that turns out to be extremely important and uniquely qualified for the detection of ice signatures from nitriles. In the far-IR between 70 and 270 cm −1 , nitrile ices reveal numerous overlapping broad-emission features caused by low-energy lattice vibrations [39] . CIRS is able to detect these signatures due to 1) its excellent signalto-noise in this part of the far-IR spectrum and 2) the Planck intensity is quite strong in this spectral region. Hydrocarbon ices have very small absorption cross-sections in this part of the far-IR, since they tend to not have strong spectral features in this region. This hinders CIRS from detecting hydrocarbon condensate signals, even though their abundances are larger than those of condensed nitriles [27] .
CIRS observations of nitrile ices
Sharp ice emission features above Titan's thermal-IR continuum are the easiest to detect provided the abundances are sufficiently large. These features point uniquely to a specific, isolated pure ice (no mixtures). Examples of such features are the ν 6 band of crystalline HC 3 N at 506 cm −1 and the ν 8 band of crystalline C 4 N 2 at 478 cm −1 , both of which have been observed and identified in Titan's atmosphere from first Voyager IRIS then Cassini CIRS. Figure 7 is an IRIS spectrum depicting both the HC 3 N condensate at 506 cm −1 and the C 4 N 2 condensate at 478 cm −1 [40] . Since the IRIS spectral resolution of 4.3 cm −1 was too low to spectrally separate the HC 3 N condensate at 506 cm −1 from the vapor at 499 cm −1 , an abundance and particle size determination was not possible. However using the higher spectral discrimination of CIRS, both particle size and abundance were determined from observations of Titan at 70 • N and 62 • N during northern winter [41] . Regarding the [34, 15] . Superimposed are the derived saturation vapor pressure curves for the four most abundant trace organics (dark grey curves). Vertical distribution of vapor abundances for hydrocarbons and nitriles were patterned after [33] and [16] , respectively. Condensation is expected to occur at altitudes below the intersection of the saturation vapor pressure curves with Titan's temperature structure. The two narrow layers represent the altitude locations of generic nitrile and hydrocarbon cloud regions where saturation can occur. feature at 478 cm −1 observed by both IRIS and CIRS, and tentatively attributed to C 4 N 2 ice based on spectral location [42] , there is a caveat that the vapor has never been observed in Titan's atmosphere, which is an absolute requirement for the ice to form. 3 This is a mystery that is still being addressed today.
In contrast to the sharp ice emission features that are spectrally easy to detect, ice signatures exist in Titan's far-IR spectrum that are spectrally very broad due to lowenergy lattice vibrations (librations), and are comprised of numerous overlapping emissions that are impossible to isolate individually. Even though these types of composite features are intrinsically much stronger than those due to pure ices, they are much more difficult to detect and identify because of their quasi-continuum nature. Thus, the spectral dependence must be derived from a full radiative analysis [15, 44] . An example of this type of identification is the CIRS-discovered nitrile composite ice feature that peaks at 160 cm −1 , labeled (2) in Fig. 8 (after[38] .)
The CIRS-derived vertical and spectral dependence of this ice feature at 160 cm −1 is illustrated in Fig. 9 at latitude 15 • S. This ice feature is thought to be comprised of a mix of nitrile ices based on the altitude location of the cloud (see Fig. 6 ) and the spectral dependence of the observed ice feature spans wavenumbers where nitriles have numerous overlapping absorption features [15, 39] .
Our analyzes to date [15, 38, 41, 44] indicate that during mid to late northern winter on Titan (during the Cassini prime and extended missions) a system of thin nitrile ice clouds extend globally from 85 • N to at least 55 • S. These clouds are tentatively assigned to composites of HCN and HC 3 N, but most likely contain additional trace nitrile ices, based on the broad emission feature seen by CIRS centered at 160 cm −1 . These ice clouds are found at altitudes around 90 km at equatorial and southern latitudes, and increase in altitude as Titan's temperature structure cools in the stratosphere, and most organic vapor abundances increase during northern winter. We expect these clouds to maintain a global distribution but the abundances will change as functions of latitude as Titan changes season. [38] . CIRS spectrum of Titan at 62 • N (thin black curve). Various organic vapors are labeled as is the unknown solid material has been termed termed the 'haystack.' The sharp 506 cm −1 HC 3 N ice emission feature is labeled (1) and the broad 160 cm −1 composite ice feature is labeled (2) . The solid and the dashed black curves are respectively synthetic spectra with and without the ice contribution, fit to the data with a radiative transfer analysis. Notice that feature (1) is easily distinguished from the continuum whereas feature (2) is indistinguishable from the continuum and would not be identified as such without a radiative transfer analysis. 
Other N-Bearing Species and Isotopes
In this section, we discuss the search for, and measurement of, very low mixing ratio nitrogen-bearing species: the HC 15 
15 N Isotopologues
The study of isotopic ratios in Titan's main molecular reservoirs of nitrogen and carbon, namely N 2 and CH 4 , bring information on the origin and evolution mechanisms of the atmosphere. In contrast, the study of the isotopic ratios in HCN, which is a product of the photodissociation of CH 4 and N 2 (see Sect. 1.1), gives us information on the atmospheric chemistry. HC 15 N was first detected from ground base millimeter telescopes [18, 19, 20] This derived isotopic ratio in HCN from CIRS data is substantially lower than that measured for N 2 ( 14 N/ 15 N = 167.7 ± 0.6) in situ with the Huygens Gas Chromatograph/Mass Spectrometer (GCMS) [1] , implying that HCN is enriched in 15 N compared to N 2 . As N 2 is the main nitrogen reservoir in Titans atmosphere, its greater 14 N/ 15 N ratio compared to HCN suggests the existence of a fractionation process in the formation of HCN (daughter) from N 2 (parent) preferring 15 N over 14 N. 4 A likely explanation has been posited [46] involving isotope-selective N 2 photodissociation. This process occurs at wavelengths shorter than 100 nm, mainly through predissociation transitions toward Rydberg and valence states [47, 48, 49] . These states have long enough lifetimes to display rotational and vibrational structures. The vibrational bands of the two isotopes 14 
The search for further N-bearing molecules with CIRS
In this subsection we discuss the search for NH 3 and CH 3 CN in Titan's stratosphere, both of which are expected to be present at low levels from photochemical models. Both ammonia and acetonitrile have been directly detected in Titan's ionosphere by the Cassini mass spectrometer (INMS) [7] . However, only acetonitrile has been previously detected in the stratospheric/mesospheric region of the atmosphere sensed by CIRS, and using ground-based sub-millimeter telescopes [19] rather than the infrared spectral region.
Therefore, a recent study by the CIRS team attempted to search rigorously for these species in the high S/N limb spectra of Titan acquired specifically for the purpose [5] . Data from long limb integrations (4 hours) from two flybys (T55 at 25 • S, and T64 at 76 • N) were originally analyzed: since then one further observation has been analyzed as described below. The bands used were located in the 9-11 µm spectral region, where Titan's infrared spectrum is relatively uncluttered by the strong alkane and alkyne bands seen elsewhere, and CIRS has high sensitivity. For NH 3 , the ν 2 band centered at 950 cm −1 was employed, while the ν 7 band of CH 3 CN at 1041 cm −1 was likewise selected.
The line list for ammonia was already available in a standard atlas (HITRAN 2008) [51] , while the requisite line list for acetonitrile was created for the study. Using these line lists, synthetic Titan spectra were calculated, incrementally adding quantities of each gas to the model atmosphere, until the gas emission signature exceeded the noise threshold by 1, 2, and 3-σ amounts. The results table of [5] is reproduced here, adding an additional data line for acetonitrile, by analysis of spectra acquired during the more recent T72 flyby (September 24th 2010) that has been computed since the 2010 publication. This adds additional constraint for CH 3 CN at 0.30 mbar in the stratosphere at 76 • N, a lower altitude than previously. 
Conclusions and future directions
In this chapter we have described the chemical origin and stratospheric distributions of nitrogen-bearing molecules in Titan's stratosphere as observed by Cassini CIRS, focusing on the infrared-detected nitrile gases HCN, HC 3 N and C 2 N 2 . Measurements of the abundances of these gases is important not only for constraining and improving models of the chemistry, but also because their different lifetimes allow us to track atmospheric motions. At the beginning of the Cassini era in 2004, all three nitriles exhibited steep positive vertical gradients of abundance at low latitudes. In contrast, at the high northern latitudes then experiencing winter, the profiles were more nearly constant with height implying that strong subsidence was occurring -firm evidence of the large global Hadley circulation cell that had been predicted by dynamical models. The details differed for the three gases, with the longer-lived HCN showing positive enhancement even at low altitudes towards the mid-latitudes: evidence of the returning branch of the circulation cell.
The long duration of the Cassini mission (8 years in Saturn orbit and counting) is now permitting us to observe the turning of Titan's long seasons, as the northern enrichments have begun to exhibit fading, even as abundance enhancements have begun to emerge in Titan's far south. We may look forward to witnessing further details of this changing circulation during the latter years of the Cassini missionhoped to last until 2017 near the time of northern summer solstice.
Even as we now gain some confidence in our growing knowledge of this picture, mysteries remain that continue to elude our understanding. In particular, we remark on the curious difference in the trends of enhancement versus lifetime for the nitriles shown in Fig. 4 compared to the hydrocarbons -with the implication that there are processes occurring that are not yet included in our models. To this list we could add the current non-detection of CH 3 CN in the stratosphere by CIRS (but seen by ground-based telescopes), or the similar elusiveness of NH 3 -firmly detected in the upper atmosphere. New missions and instruments may be required to finally resolve these and other riddles.
